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-  f>The  results  of  investigations  into  the  properties  of  single-mode  and  multi- 
mode  optical  waveguides  are  summarized.  Specific  results  include  propagation 
constants  for  fibers  of  arbitrary  cross-section;  an  experimental  study  of  tapens, 
truncations  and  offsets  in  slab  waveguides;  the  effects  of  curvature  on  channe' 
waveguides  embedded  in  layered  substrates;  a  new  method  for  efficient  computa¬ 
tion  of  beams  propagating  in  multimode  waveguides;  and  investigation  of  mode 
coupling  between  multimode  waveguides. 
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I.  Introduction 


The  objective  of  this  research  project  was  to  investigate  propagation 
and  coupling  phenomena  in  both  single-mode  and  multimode  optical  waveguides. 
The  goals  included  characterization  of  several  important  canonical  problems 
whose  solutions  are  essential  to  the  design  of  complex  systems  involving  both 
single-mode  and  multimode  guides: 

a)  the  transformation  of  rays  and  beams  in  a  multimode  waveguide; 

b)  the  radiation  and  scattering  from  a  taper  or  angle  cut  in  a 
waveguide; 

c)  characterization  of  the  modes  of  a  multimode  waveguide  of  arbitrary 
cross-section; 

d)  coupling  of  multimode  waveguides; 

e)  curvature  effects  in  integrated  optical  waveguides. 

In  the  following  section,  we  summarize  the  specific  results  of  this  research 
program.  This  is  followed  by  a  Isit  of  publications  and  a  statement  of 
personnel  participating  in  the  project. 

II .  Results  of  the  Research  Project 

A)  Study  of  modes  of  arbitrarily-shaped  optical  fibers 

Based  upon  an  integral-equation  formulation,  we  have  obtained  an  accurate 
method  for  obtaining  the  propagation  constant  of  the  fundamental  mode  of  an 
optical  fiber  of  any  shape,  so  long  as  only  this  fundamental  mode  can  propa¬ 
gate.  In  this  range,  the  mode  fields  are  linearly-polarized  and  vary  only 
a  little  over  the  core  of  the  fiber.  The  area  of  the  core,  its  geometric 
mean  radius,  and  higher-order  moments  characterizing  its  shape  are  all  that 
are  needed  to  evaluate  the  propagation  constant.  Details  are  given  in  [1], 
.[4]  and  [9]. 

Far  from  cutoff,  the  modes  of  an  arbitrarily-shaped  fiber  have  their 
fields  highly  concentrated  in  the  core  region,  and  their  functional  dependence 
on  the  transverse  coordinates  resembles  that  of  the  Ez  field  of  a  TM  mode 
in  a  hollow  metallic  waveguide  of  the  same  cross-sectional  shape.  Using 
this  knowledge  in  the  integral  equation  mentioned  above,  we  can  obtain 
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approximate  but  closed-form  equations  for  the  propagation  constants  of 
the  fiber  in  the  high-frequency  limit.  These  are  very  accurate  in  the 
case  of  a  multimode  waveguide  when  most  of  the  modes  are  far  above  cutoff, 
but  also  give  fair  accuracy  (10  or  20  percent)  at  quite  low  frequencies  as 
well.  The  formulas  obtained  can  thus  be  used  when  a  rough  estimate  of  the 
propagation  characteristics  of  an  arbitrary  fiber  is  needed.  This  work  has 
been  reported  in  [10]. 

B.  Experimental  study  of  discontinuities  in  dielectric  waveguides 

Only  the  simplest  discontinuities  in  optical  waveguides  are  easily 
analyzed  theoretically.  Many  important  types  of  irregularities  in  these 
guides  have  no  adequate  theory  to  describe  their  reflection,  transmission, 
and  scattering  properties.  An  experimental  study  was  thus  made  of  several 
such  irregularities  in  a  dielectric  waveguide.  To  ease  fabrication  toler¬ 
ances  and  make  best  use  of  existing  facilities,  the  experiments  were  con¬ 
ducted  on  slab  configurations  at  microwave  frequencies.  The  radiation  from 
abruptly  and  gradually  truncated  (tapered)  slabs  was  measured  as  well  as 
the  coupling  between  two  such  truncated  waveguides  separated  by  gaps  and 
offsets  of  the  axis.  A  certain  amount  of  "pulling"  of  the  surface  wave 
field  in  the  direction  of  the  taper  was  evident,  but  the  effect  of  tapers 
and  offsets  on  the  radiation  patterns  and  transmission  factor  appeared  to 
be  more  subtle,  and  in  a  few  cases  contradictory  to  one's  intuitive  expec¬ 
tations.  These  results  point  to  the  need  for  a  more  complete  theoretical 
understanding  of  these  configurations,  if  useful  design  information  is  to 
be  available.  This  work  has  been  presented  in  [5]  and  [11]. 

C.  Study  of  substrate  effects  on  curvature  loss  of  channel  waveguides 

It  is  known  that  optical  waveguides  with  homogeneous  cladding  suffer 
attenuation  due  to  radiation  losses  when  the  axis  of  the  guide  is  uniformly 
curved.  The  physical  mechanism  is  a  continuous  "shedding"  of  rays  tangen¬ 
tially  from  a  so-called  caustic  located  outside  of  and  in  the  plane  of  the 
curved  guide.  The  attenuation  constant  in  this  case  has  the  form 
c^R  2  exp(-C2R),  where  c^  and  C2  are  constants  and  R  is  the  radius  of 
curvature  of  the  guide.  A  study  was  made  of  the  influence  of  a  substrate 
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on  this  radiation  loss.  It  was  found  that  a  substantial  cancellation  of 

this  radiation  occurs  when  the  substrate  in  which  the  curved  guide  is 

embedded  is  very  dense  electrically  by  comparison  with  the  region  above 

the  substrate.  The  resulting  attenuation  constant  has  the  form 
-3/2 

c^R  exp(-c^R),  and  can  be  an  order  of  magnitude  smaller  than  that  of  a 
comparable  bent  guide  with  homogeneous  cladding.  We  have  consolidated 
these  findings  into  an  overall  physical  picture  of  the  radiation  loss 
mechanism  in  curved  open  waveguides  in  the  presence  of  stratified  media. 

For  details,  see  [6],  [12],  [13]  and  [14]. 

D.  Beam  propagation  in  multimode  waveguides 

A  powerful  new  method  for  studying  the  propagation  of  Gaussian  beams 
in  multimode  optical  waveguides  has  been  developed  and  applied  to  several 
important  optical  waveguide  configurations.  The  approach  is  based  on  the 
Fourier/Fresnel  imaging  phenomenon  in  these  waveguides:  a  field  pattern 
imposed  at  z  =  0  is  (in  the  paraxial  approximation)  replicated  at  the  planes 
z  -  z-j  i ,  2Z.J-!,  3z^  i ,  etc.,  where  z^  is  a  characteristic  imaging  distance. 
Somewhat  more  complicated  rearrangements  of  the  input  field  pattern  appear 
at  z  =  (p/q)z.j i ,  where  p  and  q  are  integers.  When  the  input  pattern 
is  that  of  a  Gaussian  beam,  we  can  interpolate  between  these  image  planes 
by  allowing  the  beam  to  broaden  as  it  would  in  an  infinite  homogeneous 
region.  The  results  of  computation  according  to  this  method  compare  well 
with  computationally  much  more  expensive  mode  summations.  For  typical 
optical  waveguides,  the  method  remains  accurate  for  lengths  of  up  to  a  few 
tens  of  meters.  A  first-order  correction  has  been  obtained  which  extends 
this  accuracy  out  to  lengths  of  a  kilometer  or  so.  The  development  of  the 
basic  theory  is  contained  in  [2],  [7],  [15],  [16],  [17]  and  [18]. 

This  technique  was  extended  to  the  case  of  two  identical  parallel  slab- 
waveguides  which  are  coupled  through  their  cladding  fields.  It  was  found 
that  complete  power  transfer  (which  is  possible  for  a  pair  of  single-mode 
guides)  is  possible  only  under  certain  conditions,  and  that  a  very  complex 
process  of  power  transfer  between  the  two  slabs  exists.  The  coupling  and 
imaging  processes  in  the  two  guides  can  serve  to  form  identical  images  in 
either  guide,  or  split  the  beam  at  the  output  so  that  a  single  device  might 
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serve  as  directional  coupler,  beam  splitter,  optical  switch,  etc.  As  in 
the  case  of  a  single  guide,  computation  of  coupled  guides  using  this 
approach  is  highly  efficient.  This  research  is  published  in  [3],  [8]  and  [19]. 

Under  development  at  the  time  of  expiration  of  the  grant  was  the 
adaptation  of  the  technique  to  multimode  circular  optical  fibers.  This 
expression  has  proved  more  challenging  than  was  first  anticipated,  and 
the  adaptation  has  been  only  partially  successful.  The  complications  intro¬ 
duced  by  the  cylindrical  geometry  are  that  the  waveguide  produces  a  certain 
kind  of  transform  of  the  input  field,  as  well  as  an  image  of  the  input 
field  itself.  This  work  has  not  yet  been  completed  or  reported,  but  this 
is  expected  in  the  near  future. 

An  experiment  was  devised  (using  the  microwave  modelling  technique 
described  in  (B)  above)  to  verify  the  self-imaging  theory  for  slab  waveguides. 
Because  of  the  difficulty  of  obtaining  a  clean  input  field  distribution, 
the  verification  was  not  achieved  for  high-order  multiple  images,  but  low- 
order  images  appeared  to  be  in  good  agreement  with  the  theory.  This  formed 
the  subject  of  a  M.S.  thesis  by  Mr.  T.  Pett  (see  section  V). 

In  summary,  this  investigation  has  focused  on  a  variety  of  optical 
waveguide  properties,  related  both  to  single-mode  and  multimode  propagation. 

The  most  important  result  has  been  the  hybrid  analysis  method  of  beam  propa¬ 
gation  in  multimode  waveguides.  This  study  has  only  scratched  the  surface 
of  this  technique,  and  it  remains  for  future  investigations  to  fully  exploit 
its  potential. 
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